Abstract
Introduction

Figure 1: Distortion methods for Bandpass Noise (BPN; A-D) and Radial Frequency (RF; E-G). A: A Sloan letter (D) with 14 pixels of white padding. B: A sample of bandpass filtered noise, windowed in a circular cosine. Two such noise samples determine the BPN distortion map. C: The letter distorted by the BPN technique. D: The effects of varying the frequency (columns) and amplitude (rows) of the BPN distortion. E: An original letter image, showing the original radius r from the centre to an arbitrary pixel. F: RF distortion modulates the radius of every pixel according to a sinusoid, producing a new radius r ′ . G: The effects of varying the frequency (columns) and amplitude (rows) of the RF distortion.
A(ω)
where ω peak specifies the peak frequency, ω is the spatial frequency and b 0.5 is the half bandwidth of the filter in octaves. Noise was filtered at one of six peak frequencies (2, 4, values at 0.25, 0.5, 1, 1.5, 2, 2.5, 3, or 5 pixels; this controlled the strength of the distortion.
131
One filtered noise sample controlled the horizontal pixel displacement, the other controlled 132 vertical displacement (together giving the distortion map for the griddata algorithm).
133
Radial Frequency (RF) distortion: Here, the distortion map was created by modulating where r ′ is the distorted radius from the centre, r the undistorted radius, A is the am-
137
plitude of distortion (the proportion of the unmodulated distance from the centre), Θ is the 138 polar angle and ω is the frequency of distortion (here 2, 3, 4, 5, 8 or 12 cycles in 2π radians).
139
The phase of the modulation on each trial was drawn from a random uniform distribution 
144
To facilitate future modelling of our experiment, we pregenerated all images presented 145 to observers (see below) and saved them to disk. In total we generated 1920 images: two 146 distortion types (BPN, RF) × two conditions (flanked, unflanked; see below) × eight am-
147
plitudes × six frequencies, each repeated 10 times (i.e., 10 unique images were generated 148 per cell). Target positions, letter identities and distortions were randomised on each re-
149
peat. In addition, we generated the same 1920 images without applying distortion to one 150 of the target letters and saved them to disk. An image-based model of pattern recogni-151 tion could be evaluated on the same stimuli as we have shown to our observers, using an 
Procedure
155
On each unflanked trial, observers saw the four target letters and indicated which letter was 156 distorted. The letters subtended approximately 1.5×1.5 dva and were located above, below,
157
right and left of fixation (see Figure 2A) ; letter identity at each location was randomly shuf-158 fled on each trial. The target letters were centred at a retinal eccentricity of 320 pixels (7.7 159 dva), and observers were instructed to maintain fixation on the central fixation cross (best 160 for steady fixation from Thaler et al., 2013 Figure 1D and G.
compared to unflanked conditions (dark circles). Additionally, thresholds appear to show tuning, being lowest at approximately 6-8 c/deg. Curves show fits of a Gaussian function to the log frequencies and amplitudes (see text for details). B: Same as in A for RF distortion. Flanking letters again impair performance. Unlike in the BPN distortions, for RF distortions performance simply worsens for higher distortion frequencies. The reader can appreciate these results for themselves by examining how distortion visibility changes as a function of frequency in
only threshold data for brevity. 
Results
197
Thresholds for detecting the distorted target letter are shown in by the data, and so should be interpreted with some degree of caution.
220
The detectability of a given distortion will depend on the image content to which it is 221 applied (for example, distorting a blank image region results in no image change). Perfor- 
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269
In this experiment we selected one distortion frequency for each distortion type: 2.6 270 c/deg for the BPN and 4 c/2π for the RF distortions. Because our pilot testing indicated these 271 tasks were more difficult than those in Experiment 1, we generated distortions at higher 
Results
304
Threshold levels of distortion are shown in Figure 7 . The results for the BPN and RF dis- 13, 2016; result is consistent with crowding (Bouma, 1970 (Wiecek et al., 2014) . It is therefore unsurprising that the presence 331 of surrounding flanking letters impairs geometric distortion detection; our results demon-332 strate this impairment and chart its strength in two distortion types.
333
We measured sensitivity to two distortion types in order to provide two physically dis- Figure 1D , the highest amplitude distortions for the two highest frequencies).
342
Each distortion type produces different patterns of human sensitivity as a function of its dis-343 tortion parameters, and a direct comparison between them was not the goal of this paper.
344
For BPN distortions, Experiment 1 revealed that distortion sensitivity is tuned to mid- (2014) imply that the peaks we observe will also depend on letter size).
371
Our Experiment 1 showed that flanking letters reduced sensitivity to letter distortions.
372
3 We credit Peter Bex for pointing out the likely relevence of speckling to the observed tuning.
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